Enzymatic glycerolysis of soybean oil was studied. Of the nine lipases that were tested in the initial screening, Pseudomonas sp. resulted in the highest yield of monoglycerides. Lipase from Pseudomonas sp. was further studied for the influence of temperature, thermal stability, enzyme/oil ratio, and glycerol/oil ratio. A full factorial optimization approach was performed. The following conditions were tested over the specified ranges: temperature (30-70°C), thermal stability (30-70°C), enzyme/oil ratio (0.05-0.2 g enzyme/10 g oil), glycerol/oil ratio (1:1-3:1 glycerol/oil molar ratio) and 1 h reaction time. The stability of the enzyme at the reaction temperature was also incorporated as a separate variable. At temperatures above 40°C enzyme denaturation offset the higher activity. The optimal conditions were selected to be the basis for a continuous process: 40°C, a glycerol/oil molar ratio of 2:1, and an enzyme/oil ratio of 0.1 g enzyme/10 g oil. A definition for glycerolysis activity was adopted. The glycerolysis activity (1 GU) was defined as the amount of enzyme necessary to consume 1 µmol of substrate (glycerol and oil) per minute. This research is intended to explore the reaction parameters that are important in a continuous enzymatic glycerolysis process. JAOCS 75, 1359JAOCS 75, -1365JAOCS 75, (1998.
The conversion of fats and oils into value-added products such as fatty acids (FA) and their derivatives has been of major commercial interest. The physiochemical synthesis of these products is a well-established industrial process. These processes normally involve an inorganic homogeneous catalyst and high temperatures and pressures. For example, a mixture of monoglycerides (MG) and diglycerides (DG) is commercially manufactured by the glycerolysis reaction, in which fats and oils undergo a transesterification reaction with glycerol. This is a physiochemical process and requires high temperatures (220-260°C) and use of an inorganic homogeneous catalyst, such as sodium, potassium, or calcium hydroxide (1-3). MG and DG have also been prepared by direct esterification of FA or their alkyl esters with glycerol. Much like the previous example, the reaction temperature is above 200°C and inorganic homogeneous catalysts are required (4-6). The established industrial process for the hydrolysis of triglycerides (TG) is the Colgate-Emery method, which is carried out at 250°C and 50 atm (7) . Both hydrolysis and glycerolysis processes are highly energy intensive and require high capital investments. Furthermore, severe conditions for temperature and pressure result in side reactions, and further purification of the final product is normally required (8). The positive side of these reactions is high conversions and relatively short reaction times.
Enzymatic glycerolysis of fats and oils at atmospheric pressure at nearly ambient temperatures has been investigated as an alternative method for the conventional chemical methods used for the industrial production of MG and DG. Obviously, operation under ambient conditions would require a lower capital investment. Research findings in recent years have also revealed other advantages of enzymatic processes. Owing to the specificity of enzymes, negligible amounts of undesired products are obtained, and for many applications no purification of products is required. Moreover, mild reaction conditions make enzymatic reactions suitable for heatsensitive glycerides.
Optimization of the reaction conditions for the glycerolysis of fats and oils in a batch-wise setting has been the topic of many studies. In particular, temperature, glycerol/TG molar ratio, enzyme/oil mass ratio, and water concentration are the major reaction variables. 9) used lipase from Pseudomonas fluorescens in the glycerolysis of beef tallow and palm oil. The reaction was allowed to proceed until equilibrium was reached. A critical temperature was defined as the temperature below which a large increase in MG formation was observed. It was concluded that at this temperature the MG crystallized from the reaction mixture, driving the reaction further. In the range 38-46°C, 70% MG was obtained, while from 48-50°C, 30% MG was obtained. Of the eight commercially available enzymes that were tested, lipase from Chromobacterium viscosum and P. fluorescens produced the highest yield. Cao et al. (10) obtained 63% MG from olive oil using lipase from Pseudomonas sp. The highest yield was obtained at 38°C due to MG crystallization. The reaction was allowed to proceed for several hours until equilibrium was reached. An optimum glycerol/oil molar ratio of 2:1 was obtained. Holmberg et al. (11) used aqueous and nonaqueous microemulsions in the glycerolysis and hydrolysis of palm oil using a 1,3-specific lipase and sodium bis(2-methylhexyl)sulfosuccinate as surfactant. Presence of even a small amount of water showed a substantial increase in the rate of glycerolysis. The molar ratio of water and glycerol to surfactant of 3.4 resulted in optimal MG yield. Hoq et al. (12) used lipase from C. viscosum to form glycerides from glycerol and FA. The glycerol contained 3-4 wt% water and 1 wt% CaCl 2 . The reaction temperature was 40°C. Conversion increased linearly with lipase concentrations from 0-20 mg/g glycerol. No further increase was observed at concentrations greater than 20 mg/g glycerol. Enzyme half-life was 52 d in the presence of Ca 2+ and 21 d in its absence. Daeseok and Rhee (13) examined the effects of various ions on lipase from Candida rugosa. They found that Ca 2+ , Co 2+ , and Mg 2+ inhibited the reaction, while Fe 3+ , Cu 2+ , and Hg 2+ were toxic. Histidine and other amino acids protected against small amounts of Cu 2+ . The inhibitory effect of Ca 2+ is contradictory to the above work, which reported enzyme stabilization in the presence of Ca 2+ .
As with any new process, the driving force behind the enzymatic process is a lower production cost. Lipases have the potential to lower this cost in three ways: (i) lower process temperature decreases the energy input, (ii) no by-products are formed, eliminating the need for a purification process, and (iii) through immobilization, the catalyst can be used many times before replacement. In contrast, certain disadvantages also exist. In particular, slower reaction rates and high enzyme cost must be overcome to make the process feasible.
The aim of this present work is to explore the reaction parameters for the enzymatic glycerolysis of soybean oil. Results discussed in this paper include enzyme screening, the effect of the molar ratio of glycerol and oil, enzyme loading, residual enzyme activities, and reaction time and temperature. The results of this research will lay the foundation for a continuous enzymatic glycerolysis setting to alleviate some of the disadvantages that exist.
Glycerolysis activity. For comparison of enzyme reactions, activities are defined. The International Commission on Enzymes defines one International Unit of enzyme as the amount that catalyzes the formation of 1 µmol of product in 1 min (14) . Therefore, in lipase-catalyzed hydrolysis, one unit is that amount of enzyme required to liberate 1 µmol of FA per min. The reactions are done over some period of time, and the average product formation per minute is determined. However, when dealing with glycerolysis reactions, this hydrolytic activity has little meaning (15). Many times, lipases are compared in glycerolysis reactions on the basis of hydrolytic activity. For example, the units of lipase added to a reaction will be kept constant. In these cases, the mass of enzyme added to the reaction will depend on the hydrolytic activity. Since the hydrolytic activity does not accurately reflect the glycerolysis activity, the lipase comparison means nothing. A glycerolysis activity should be defined for lipase comparison in glycerolysis reactions.
A definition of glycerolysis activity is not as forthcoming as the definition of hydrolytic activity. In hydrolysis, FA are the desired product. Therefore, the activity definition reflects the accumulation of desired products. In glycerolysis, MG is the desired product. However, an activity definition that focuses on MG production does not accurately describe enzymatic activity. Two MG can be produced when a glycerol molecule reacts with a TG. Alternatively, the enzyme is equally active when an MG molecule reacts with a TG to produce two DG.
A useful definition of glycerolysis activity can still come from the definition of hydrolysis activity, however. In hydrolysis, the enzyme is active whenever an FA is released. This event also corresponds to the consumption of a water molecule. Therefore, hydrolytic activity can be defined in terms of the FA formation or water consumption. In glycerolysis, the lipase is active when either a glycerol or a TG molecule is consumed. Glycerol can be consumed without consuming TG by the formation of two MG from a DG. Likewise, TG can be consumed without consuming glycerol by the formation of two DG from an MG and TG. Thus, the following definition of glycerolysis activity will be used: 1 GU = the amount of enzyme necessary to consume 1 µmol of substrate (glycerol and oil)/min over 1 h. This definition is still consistent with the International Commission on Enzymes definition. The only difference is that the glycerolysis activity measures substrate consumed instead of product formed.
